Recent evidence has shown that transcription is permissible through the purportedly repressive centromere domain, and that this transcriptional activity is of functional consequence. The beststudied example is transcription of the pericentric DNA repeats in the generation of siRNAs required for pericentric heterochromatin assembly in yeast. However, non-siRNA transcripts emanating from both pericentric and centromere core domains have also been detected in a cell cycle and cellular differentiation-dependent manner. Elevated levels of centromeric transcripts have also been detected in some cancers; however, it is still unclear how high levels of centromere transcripts may contribute towards disease progression. More recent studies have demonstrated that careful regulation of the histone modifications and transcription level at the centromere is vital for the recruitment of key centromere proteins and assembly of CENP-A domain. Here, we compare the transcriptional dynamics and function of various transcripts derived from pericentromeric and centromere core regions. We also propose a model in which the chromatin remodelling activity of transcription, and the resultant transcripts, contribute synergistically to perpetuate centromere chromatin identity.
INTRODUCTION
The centromere is a region of specialized chromatin found on all eukaryotic chromosomes, which functions to ensure faithful inheritance of the genome during cell division. This stably transmitted locus directs the assembly of the kinetochore, to mediate spindle capture during mitosis.
A strict centromere-defining consensus genetic sequence has never been found. Instead, most eukaryotic centromeres (with some exceptions, such as budding yeast Saccharomyces cerevisiae (S. cerevisiae) and Caenorhabditis elegans (C. elegans)) consist of megabases of speciesspecific repeat DNA, which defy precise sequence definition due to their repetitive nature. Two distinct domains are vital to centromere function, the centromere core domain and its flanking pericentric heterochromatin, which are epigenetically defined by different sets of proteins that dictate their structure and function ( Figure 1 ). The centromere core domain, which specifies kinetochore formation, contains centromere-specific proteins, which form the constitutive centromere-associated network (CCAN) complex (1) . The pericentric regions contain typical heterochromatin markers including Heterochromatin Protein 1 (HP1), H3K9 methylation (H3K9me) and DNA methylation.
Due to their inherently heterochromatic nature, it was assumed that centromeres were transcriptionally inert. However, a landmark study showed that small-interfering RNAs (siRNAs) derived from the pericentric domains of the fission yeast, Schizosaccharomyces pombe (S. pombe) centromere, are necessary to propagate and perpetuate their heterochromatic identity (2) . This indicated that pericentric heterochromatin transcription was permissible and of functional significance. This discovery prompted a re-evaluation of the traditional definition of heterochromatin, and sparked an interest in non-coding RNA (ncRNA) dynamics in the regulation of hitherto 'silenced' chromatin regions, including that of the centromere core domain. To date, there is evidence to suggest that the entire centromeric region is transcriptionally competent. In this article, we will review the different classes of centromere ncRNA arising from transcription of both centromere core and pericentric domains of different model systems. We also discuss evidence that suggest centromere transcription is vital in the maintenance of centromere chromatin identity.
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TRANSCRIPTION AT THE PERICENTRIC REGION
RNAi-mediated formation of pericentric heterochromatin in S. pombe RNA interference (RNAi) is a post-transcriptional gene silencing mechanism mediated by siRNA and microRNAs, which regulate gene expression via the inhibition of mRNA translation, or direct degradation of target transcripts (for review, see (3) ). However, as shown by Volpe et al., siRNAs can also modify chromatin at specific sites to lead to transcriptional silencing (2) .
In S. pombe, the pericentric heterochromatin comprises outermost (otr) repeats called dg and dh. Sequencing of ribonuclease Dicer (dcr1)-generated small RNAs showed sequences that mapped to the pericentric repeats (4) . Simultaneously, another study showed that deletion of S. pombe RNAi pathway genes-dcr1, the RNA-binding protein Argonaute (ago1) or the RNA dependent RNA polymerase (RdP1) were susceptible to chromosome missegregation due to defective pericentric heterochromatin formation. These mutants showed loss of repressive chromatin marks H3K9me and swi6 (S. pombe HP1 homologue), and aberrant accumulation of pericentric dg and dh transcripts. These studies indicated that the pericentric heterochromatin is transcribed and the transcripts generated are processed by RNAi machinery to direct heterochromatin assembly.
At the pericentric heterochromatin, the dg/dh transcripts are generated from the conserved cryptic promoters within the otr domain (5,6). The double-stranded RNA (dsRNA) transcripts are cleaved and processed by Dicer into siRNAs, which are then incorporated into the RNA-induced transcriptional silencing complex (RITS complex; consisting of Ago1, Tas3 and Chp1). Through an interaction with Ago1, the siRNAs guide the loading of the RITS complex to the cognate chromatin. Also, the RNA slicing activity of Ago1 helps to recruit the RNA-directed RNA polymerase Complex (RDRC; which consists of the polyA polymerase Cid12 and the helicase Hrr1) to the nascent transcript (siRNA precursor) for further production of dsRNAs (7) (8) (9) (10) . In addition, the direct association of the RDRC complex with Dicer promotes the production of more siRNAs to further amplify the RNAi signal. Importantly, the RITS complex also recruits Rik1-as part of the CLRC complex (along with Clr4, cullin protein Cul4, WD-40 protein Raf1, Dos1 and Dos2). Clr4 is the methyltransferase crucial for the H3K9me (11) that recruits heterochromatic proteins Swi6 and Chp1 (12). Clr4 is also able to bind existing H3K9me to facilitate the spreading of heterochromatin (13) .
RNAPII transcription and RNAi-mediated pericentric heterochromatin assembly in S. pombe
In S. pombe, the pericentric DNA contains TATA-like and putative RNAPII promoter sequences (14) , and analysis by 3 0 -RACE mapping confirmed that the pre-siRNA transcripts were polyadenylated (6)-indicating that RNA Polymerase II (RNAPII) was directly responsible for the generation of the pre-siRNA transcripts, and that RNAi machinery recruitment is coupled to RNAPII transcription. This is further supported by evidence of RNAPII subunits in promoting centromere transcription and RNAi-dependent heterochromatin assembly (6, 14) . Similar to Dicer, Clr4 and RdRP mutants, the RNAPII subunit Rpb2 mutants showed loss of transcriptional silencing, decreased association of H3K9me and Swi6, at the pericentric dg/dh regions (14) . Interestingly, the Rpb2 mutants also showed loss of pericentric-derived siRNAs but elevated levels of corresponding pre-siRNA transcripts. This suggested that the silencing defect did not lie with the transcription of pre-siRNA transcripts, but possibly, with the inefficient downstream processing events that generate the siRNAs. This is in contrast with the mutation of other RNAPII subunit, Rpb7 that also showed loss of transcriptional silencing, accompanied by increased chromosome missegregation (6) . In the Rpb7 mutants, there was a decrease in the level of pre-siRNA transcripts although RNAPII recruitment at the pericentric region was not impaired. It was proposed that the loss of transcriptional silencing was caused by a defect in Figure 1 . Pericentric heterochromatin consists of H3K9 trimethylation, which is vital for HP1 localization to the pericentric domains. The centromere core domain consists of clusters of CENP-A and H3 nucleosomes. In S-phase, both the canonical replication-dependent H3.1 and the replication-independent H3.3 are loaded onto centromere chromatin. The H3.1/H3.3 nucleosomes are enriched for H3K4 dimethylation and H3K36 methylation. No H3K4 trimethylation or H3K9 trimethylation could be detected at the centromere core domain. Although stretched chromatin fibre experiments indicate that histone acetylation is absent at the centromere core domain, but chromatin immunoprecipitation studies have detected a low level of H3 acetylation at the centromere core. However this histone acetylation may be tightly regulated by cell-cycle dynamics. It is currently unknown whether the histone modifications detected so far are carried by H3.1 or H.3 nucleosomes, or if the histone modifications show preferential enrichment at either H3.1 or H3.3.
RNAPII transcription initiation (6) . Together, these studies suggest that it is likely that siRNA processing is coupled to RNAPII-dependent pericentric transcription, to direct vital chromatin modifying events for heterochromatin maintenance.
Heterochromatin is normally inaccessible to transcriptional machinery; thus, it seems paradoxical that the pericentric heterochromatin is transcribed to recruit the heterochromatin apparatus. The levels of siRNAs peak in S-phase, coincident with the localization of CLRC and RITS complex subunits at the pericentric repeats (15, 16) . RNAPII is also preferentially recruited to transcribe both forward and reverse strands of the pericentric repeats during S-phase-presumably when silencing is briefly alleviated as heterochromatin markers are distributed onto newly replicated strands (15, 16) . However, to date, it remains unknown how RNAPII is recruited to the repressive pericentric region. It has been proposed that Epe1, a JmjC domain protein is recruited by Swi6, possibly to facilitate RNAPII transcription of heterochromatic repeats (17) . However, other work has suggested that Epe1 regulate heterochromatin assembly independently of the RNAi pathway and transcription (18) . Thus, the factors that recruit RNAPII to heterochromatic regions are still unclear.
Dynamics of pericentric heterochromatin transcription in vertebrate systems
Although it is clear that RNAi pathway is important to pericentric heterochromatin assembly in S. pombe, the role of pericentric transcription and RNAi-mediated heterochromatin assembly in vertebrates is less straightforward. There have been conflicting reports in terms of the size of the transcripts (Table 1) , cell-cycle expression pattern and their role in heterochromatin assembly.
Dicer is an essential gene in vertebrates-Dicer knockout mice and zebrafish are embryonic lethal (19, 20) . Thus, the study of RNAi pathway in heterochromatin assembly in vertebrate cells has been limited to cell-culture-based systems. In human-chicken hybrid cells (chicken DT40 cells carrying a human chromosome), ablation of Dicer led to mitotic defects as a result of premature sister chromatid separation. This was attributed to the loss of HP1 at the pericentric regions, misregulation of cohesin and the mitotic checkpoint protein BubR1. Notably, as in S. pombe, depletion of Dicer caused an accumulation of pericentric transcripts, as evidenced by the detection of long a-satellite and satellite III transcripts (more discussion on Satellite III transcription below). This study was the first to demonstrate the importance of Dicer/RNAi machinery for heterochromatin assembly in vertebrate cells (21) .
Dicer-deficient mouse embryonic stem (ES) cells, although viable in culture, were defective in cellular differentiation (22, 23) . Similar to S. pombe and chicken cells, Dicer deficiency in mouse ES cells caused an accumulation of pericentric Major satellite transcripts, ranging from 40 nt to over 200 nt in size (22, 23) , along with other normally repressed DNA repeats such as L1 and IAP elements (23) . This indicated a role for Dicer in the repression of pericentric regions and other normally silenced genetic elements in ES cells. However, no aneuploidy or genomic instability was observed in Dicer-depleted mouse ES cells-although, the cells were significant less proliferative than wildtype ES cells (22, 23) . In the literature, there is a difference of opinion as to whether the Dicer/RNAi pathway is essential for the regulation of heterochromatin assembly in mouse ES cells. Kanellopoulou et al. reported loss of DNA methylation and H3K9me3 at the pericentric regions of Dicer-deficient cells. Whereas, Murchison et al. concluded that Dicer function was dispensable for the maintenance of pericentric heterochromatin, as no significant loss of DNA methylation or H3K9me3 was detected.
Heterogeneity of pericentric heterochromatin transcripts
It is well documented that an RNA component is necessary for the binding of HP1 at pericentric heterochromatin (24, 25) , and it was thought that the Dicer-generated siRNAs could be this RNA component. However, other than in chicken cells (21) , canonically sized (21-25 nt) siRNAs derived from the pericentric domain have been difficult to detect in vertebrates. In mouse ES cells, a 150 nt centromeric transcript, as well as a 25-30 nt RNA species have been detected (23) . Although these were not the canonical sized 21-25 nt siRNAs, the generation of the 25-30 nt transcripts were Dicer-dependent, which led to the suggestion that these RNA molecules maybe analogous to heterochromatic siRNAs found in S. pombe (23) .
In mouse cells, non-siRNA-sized pericentric-derived transcripts have also been detected (26, 27) . A study in NIH 3T3 cells showed two distinct RNA species derived from the pericentric region; a G2/M-specific 150 nt RNA, and a G1-phase 1 Kb+transcript, which was undetectable by mid-S-phase, coincident with centromere DNA replication. The significance of this cell-cycle-regulated pericentric transcription remains unknown, but the transcriptional activity was independent of Suv39h1/2 H3K9 methyltransferase activity (26) . This is in contrast with S. pombe, in which S-phase pericentric transcription is linked to the maintenance of H3K9me and HP1 at the pericentric heterochromatin (15, 16) . However, a more recent study reported a functional link between ncRNA and heterochromatin assembly in mammalian cells. In mouse cells, large Major satellite transcripts (several repeat lengths in size; not siRNA transcripts) were detected (27) and interestingly, HP1a showed a greater association with the forward strand Major satellite RNA over the reverse transcript. This interaction between the forward RNA strand and HP1a was dependent on SUMO (Small Ubiquitin-like Modifier)-ylation of HP1a at the hinge domain. It was proposed that the tendency of the purine-rich forward strand towards secondary structures could positively regulate the RNA-HP1a interaction and heterochromatin assembly (27) . The cell-cycle dynamics of the Major satellite RNA-HP1 association is currently undefined. It is not known if the previously reported G1 expression of Major satellite transcripts (26) is linked to HP1 re-loading during G1. In future work, it would be interesting to investigate the factors regulating pericentric transcription during the cell cycle, and its link with HP1 recruitment in mammalian cells.
Major satellite transcripts have also been implicated in developmental progression in mouse embryos. In the 2-cell embryo, there is an initial peak in the production of forward Major satellite transcripts, followed by a peak in the level of the reverse strand. However, by the 4-cell stage, both strands of Major satellite transcripts were rapidly down-regulated. This burst of transcriptional activity overlapped with the reorganization of pericentric region into heterochromatic chromocentres in the early embryo. Disruption of these transcripts led to developmental arrest at the 2-cell stage and failed chromocentre formation-indicating a role for these transcripts in the de novo heterochromatin formation in the developing mouse embryo (28) . Considering the association of long ncRNA with SUMOylated HP1 in mouse cells (27) , it remains to be determined if SUMOylation of HP1 and strand-specific Major satellite transcripts are also critical for HP1 accumulation and formation of the chromocentre in the early embryo.
Pericentric heterochromatin transcription during differentiation, cellular stress and disease Pericentric heterochromatin transcription dynamics has been linked to cell proliferation and differentiation, or cellular stress. Large, 1.8 kb Major satellite transcripts have been detected in the developing mouse embryo as well as in adult liver and testis tissue. These transcripts were down-regulated in the presence of the differentiation agent retinoic acid, suggesting a link between Major satellite transcription and cell proliferation (29) . However, the detection of Major satellite RNA in the senescent cardiac muscle of aging mice (30) suggests that the relationship between pericentric transcription and proliferative capacity is not straightforward.
Pericentric transcription in human cells have also been linked to the cellular stress response. Relatively less is known of pericentric transcription in human cells, and this is mostly due the homogeneity of a-satellite DNA in pericentric and centromere core regions in human cells. This makes it difficult to discern the origin of a-satellite transcripts-unlike in mouse centromeres, in which Minor and Major satellite repeats distinguish the centromere core and pericentric regions, respectively. However, within the human pericentric regions, there are other repeat DNAs, such as SINEs, LINEs (31) and Satellite III (predominantly found at the pericentric regions of chromosomes 9, 13-15, 21, 22 and Y) (32)). RNAPII-mediated Satellite III transcription has been linked to the heat-shock stress response (33, 34) , and has been shown to be required for the targeting of splicing factors to nuclear stress granules (35) . More recently, Satellite III RNA expression has been implicated in cellular stress responses to heavy metal exposure, oxidative and hyper-osmotic stress (36) . Altogether, these studies indicate that pericentric RNA transcription maybe differentially activated in response to stress conditions. The accumulation of RNA transcripts may reflect the derepression of heterochromatic regions under diseased or stressed conditions. A recent study showed that a higher abundance of a-satellite and Satellite II transcripts was found in pancreatic and epithelial cancer cells (37) . In addition, a-satellite expression was also found to be elevated in Breast Cancer Susceptibility Gene 1 (BRCA1)-deficient cancer cells. These BRCA1-deficient cancer cells show defective heterochromatin formation, as indicated by the severe reduction in levels of HP1 and ubiquitylation of histone H2A (H2Aub) at the satellite repeats. Importantly, the ectopic a-satellite expression in normal cells has been shown to cause genomic instability and an impaired spindle checkpoint, similar to BRCA1 deficiency (38) . It will be exciting in the future to investigate if overexpression of pericentric sequences is merely a consequence of global heterochromatin derepression, or of etiological significance in cancer formation.
TRANSCRIPTION AT THE CENTROMERE CORE DOMAIN
In comparison to the relatively well-characterized transcription at the pericentric regions, the centromere core transcription is more enigmatic. However, evidence is accumulating that the centromere core domain is also transcribed, though much less is known of the dynamics or function of this transcriptional activity.
Centromere core transcription in the two model yeasts
Although much of the RNAi-linked pericentric heterochromatin data were originally elucidated in S. pombe, only recently have both model yeasts (S. pombe and the budding yeast S. cerevisiae) been utilized to examine the transcriptional status of the centromere core domain.
In S. cerevisiae, Cbf1, a transcription factor (TF) involved in methionine biosynthesis (39) , binds the core centromere DNA as a bona fide constitutive centromere protein (40) . Recently, it was shown that Cbf1 is required for the production of centromeric transcripts. Furthermore, two novel centromere-binding proteins and TFs, Ste12 and Dig1 regulate Cbf1 activity. Loss of Cbf1, Ste12 or Dig1 resulted in chromosomal instability. Interestingly, this chromosomal instability phenotype of Cbf1 mutants could be rescued by driving centromere transcription from an artificial promoter, indicating that transcription at the centromere is vital to centromere function in S. cerevisiae (41) .
In S. pombe, the insertion of a reporter gene within the CENP-A containing central core domain (cnt and imr DNA) resulted in variable levels of reporter gene repression (42) . This silencing activity correlated with the increase in CENP-A incorporation at the centromere core domain, which suggested that CENP-A nucleosomes have a negative impact on transcription at the yeast centromere core domain (43) . In contrast, the binding of a GATA-type zinc finger TF was necessary for the continued association of CENP-A at the centromere in S. pombe (44) . Indeed, ncRNA transcripts have been detected emanating from the CENP-A domain of S. pombe centromere. These transcripts were generated by RNAPII, but were subjected to rapid turnover rates by exosome subunits (45) . The function of these centromeric transcripts, and the significance of their rapid degradation is currently unclear.
RNA Polymerase III-mediated chromatin barrier within S. pombe centromeres Schizosaccharomyces pombe centromeres also have distinct, non-RNAPII transcriptional activity within its core domain. Sequencing of S. pombe centromeres indicated that all three S. pombe centromeres contain clusters of tRNA genes (46, 47) , which demarcate the pericentric heterochromatin chromatin (48) from the centromere core domain. Despite their proximity to the repressive pericentric heterochromatin, the tRNA genes were actively transcribed by RNA Polymerase III (RNAPIII), (49) . Deletion of the tRNA clusters resulted in expansion of heterochromatin into the CENP-A chromatin-indicating that the tRNA genes functioned as chromatin barriers at the centromere. This barrier activity was independent of tRNA gene orientation, but reliant on the DNA sequence required for RNAPIII complex formation (49, 50) . However, it is currently unknown whether transcription, or simply the formation of the RNAPIII complex is sufficient for the chromatin barrier activity of the tRNA genes.
To date, no equivalent RNAPIII complex binding at mammalian centromeres has been reported. The retrotransposon SINE, which is abundant throughout mammalian genomes, as well as human pericentric regions, is transcribed by RNAPIII. SINE transcription has been implicated in the establishment of boundary elements and chromatin insulators in organization of chromatin domains elsewhere in the genome (51, 52) . RNAPIII driven transcription of SINE, or of yet unidentified DNA elements at mammalian centromeres could function to insulate centromere chromatin from bulk chromatin.
Lessons from transcription within variant and neo-centromeres
There are instances where fully functional ectopic centromeres (called neocentromeres) arise at non-repetitive regions. Clinical neocentromeres forming within genepoor regions initially supported the view that centromere function was incompatible with transcription (for review, see (53) ). Furthermore, analysis of three independent human neocentromeres at the 13q32 genomic region showed no overlap of CENP-A chromatin within coding sequences (54) . Non-tandem-repetitive DNA-based centromeres have also been found to occur in some model organisms. In chicken, centromeres of chromosomes 5, 27 and Z were devoid of tandem-repetitive sequences, and were proposed to be evolutionary new centromeres (ENCs) (55) . Interestingly, analyses of Equus and Orangutan genomes indicated that evolutionary centromere repositioning events had given rise to neocentromeres at gene-free genomic sites (56, 57) .
In Candida albicans, deletion of endogenous centromeres led to neocentromere formation at intergenic regions, where they exerted repressive effects on nearby genes. Neocentromere formation on a marker gene led to its repression. When induced for marker gene expression, the neocentromere shifted away from the expressed loci, only to shift back again when restored onto non-selective media (58) . This not only illustrated the plasticity of the neocentromere domain, but also suggested that in C. albicans, centromere core transcription is not favourable.
In S. pombe, conditional deletion of the endogenous centromere also led to neocentromere formation, but mostly at the subtelomeric regions. The CENP-A regions were devoid of repeat DNA, but overlapped with several open reading frames. Interestingly, these open reading frames were low-expression genes that are normally upregulated upon nitrogen starvation. However, these gene clusters remained lowly expressed postneocentromere formation, even upon nitrogen media withdrawal. This indicated that neocentromere formation could not tolerate high rates of transcription (59) .
Despite the above evidence that CENP-A chromatin is incompatible with transcriptional activity, it is intriguing that CENP-A chromatin could assemble over non-alphoid sequences, including that of an expressed marker gene during the construction of alphoid-based human artificial chromosomes (HACs), (60) . Furthermore, coding sequences were found embedded within repetitive sequences of native rice centromeres, and it has been demonstrated that these genes are actively transcribed in most plant tissues (61) (62) (63) . This is in contrast to most canonical centromeres, which are filled with repetitive DNA and do not contain any genes. A human neocentromere, the 10q25 Mardel(10) neocentromere, is unusual in that the transcriptional competency within the neocentromeric region remains intact, despite the fact that genes are embedded within CENP-A domains (64) . However, it is important to note that none of the genes associated with 10q25 Mardel(10) neocentromere CENP-A domains are expressed at high levels.
Centromere RNA as an integral component of centromere chromatin and mitotic kinetochore Early electron microscopy studies indicated the presence of RNA at the kinetochore of animal cells (65) , but the sequence and origin of the RNA was unknown. Recently, we showed that RNAPII and its TFs localize to the mitotic kinetochore of mammalian cells. Importantly, this kinetochore-bound RNAPII complex is engaged in active transcription and is required for kinetochore function (66) . Although it is not known whether this mitotic transcriptional activity traverses the CENP-A domains, it indicated that the centromere core region is amenable to transcription, and most interestingly, it is transcribed during mitosis (see below for further discussion), a purportedly transcriptionally silent phase of the cell cycle-further highlighting the uniqueness of the centromere chromatin. Other studies have also shown the association of centromere core-derived transcripts and centromere core proteins-raising interesting questions about the function of centromere core transcriptional activity and its resultant ncRNA. For example, in maize, both forward and reverse strands of centromeric CentC satellite repeat and CRM retrotransposon transcripts have been found tightly associated with CENH3 (maize CENP-A). These transcripts did not resemble siRNAs, they were single stranded, and much larger in size-ranging 40-200 nt (67) .
In mammals, centromere core transcripts have also been detected, however, their size and dynamics appear variable (Table 1 and detailed below). In tammar wallaby cells, a novel class of small RNAs, 34-42 nt Centromere RepeatAssociated Small-Interacting RNAs (crasi-RNAs) derived from the marsupial-specific KERV1 retrotransposon has been detected (68) . In mouse cell lines, the centromere core Minor satellite transcripts were found to be tightly associated with centromere core chromatin (69, 70) . These Minor satellite transcripts were large, ranging from 2 kb to 4 kb. In non-cycling, differentiated or stressed cells, a 120 nt RNA population is also found (69) .
In human cells, single-stranded centromeric a-satellite transcripts, along with centromere core proteins CENP-C and INCENP, have been detected in the nucleolus in interphase cells (71) . Besides transcription of endogenous alphoid-based centromeres, transcripts derived from a full-length LINE-1 (L1) retrotransposon found within the Mardel(10) 10q25 neocentromere the CENP-A domain was found to bind CENP-A chromatin. Specific depletion of the Mardel(10) L1 transcripts resulted in the loss of CENP-A binding and mitotic stability of the neocentromeric marker chromosome (72) . The close association of these centromeric transcripts, in particular those derived from retrotransponsons, with CENP-A chromatin, suggests that centromere core derived, ncRNA function as critical epigenetic determinants of centromere chromatin identity.
Centromere RNA also associates with centromere proteins other than CENP-A. In mouse cells, Minor satellite RNA is associated with the M-phase-specific Chromosomal Passenger Complex (CPC; consisting of Aurora Kinase B (AUKB), INCENP, Survivin) and has been implicated in regulating AUKB activity (70) . Depletion of centromere core transcripts led to reduced AUKB kinase activity (70) , which may result in failure of detection and correction of erroneous microtubule-kinetochore interactions, and eventual loss of mitotic checkpoint integrity. Similarly, in human cells, the localization of CENP-C, INCENP and Survivin at the mitotic kinetochore was also dependent on the presence of single-stranded a-satellite RNA. CENP-C, a DNAbinding protein was shown to have RNA-binding capacity (71) . An in vitro study showed that the DNA binding of CENP-C is enhanced and stabilized by the presence of long single-stranded RNA (ssRNA) (73) . Our recent study also provided further evidence of centromere transcripts as key components for the assembly of the mitotic kinetochore. Inhibition of RNAPII activity, and consequent depletion of a-satellite RNA in mitotic cells induced chromosome missegregation as a result of reduced CENP-C binding at lagging chromosomes (66) . This suggests that RNAPII-generated mitotic a-satellite transcripts may function to stabilize CENP-C binding at the kinetochore (66) . Considering centromeric transcripts associate with SUMOylated HP1 for pericentric targeting (27) , and that CENP-C has been shown to genetically interact with the SUMO pathway (74) , it would be interesting to see if CENP-C SUMOylation or other posttranslation modifications could regulate CENP-C/RNA association.
In consideration of the evidence above, we propose that centromere transcripts are important for mitotic kinetochore function during mitosis. The evidence of centromere RNA association with CENP-C and non-enzymatic partners of the CPC (70, 71, 73) suggests that centromere core RNA could act as a molecular scaffold in the recruitment and organization of key centromere proteins (Figure 2A ). An analogous example is telomerase RNA, which tethers proteins to the ends of the chromosomes (75) . The centromere RNA discussed above could function to recruit centromere/kinetochore proteins for maturation of the kinetochore, and to stabilize the overall kinetochore structure during the G2/M-phase. Thus, depletion of centromere transcripts could potentially affect the structural integrity of the kinetochore, which in turn could further erode the spatial regulation of CPC, including AUKB and/or other mitotic checkpoint signalling protein activities at the kinetochore-microtubule interface (76) .
Low-level RNAPII transcription is vital for centromere function
Extended-chromatin fibre experiments have shown that human and Drosophila centromeres consist of clusters of CENP-A nucleosomes interspersed with canonical H3 chromatin (77) , which were enriched with active chromatin marks H3 dimethylated lysine 4 (H3K4me2) and hyper-methylated K36, (78, 79) , but lacked the repressive H3K9me normally associated with pericentric heterochromatin (80, 81) (Figure 1) . Recently, it has been shown that the replication-independent histone variant H3.3 is loaded together with H3 onto centromere core chromatin during S-phase (82) (Figure 1 ). H3.3 is commonly associated with transcriptional competency-it is enriched at transcribed regions and it promotes post-translational modifications associated with active chromatin. However, it is not known whether this population of H3.3 at the centromere is enriched for the active modifications reported in earlier studies.
Recent studies have utilized HACs and centromeretargeted chromatin modifiers to manipulate the epigenetic state of centromere chromatin. Both targeting of transcriptional activators and silencers to HAC centromeres, to induce a more open or closed chromatin configuration, resulted in the loss of kinetochore function and increased chromosome missegregation, suggesting that centromere function required a dynamic balance between permissive and repressive chromatin (83) . It is however interesting that the induction of a more closed configuration and the accumulation of H3K9me3 at the centromere caused a more severe phenotype, with higher rates of HAC loss due to rapid loss of centromere proteins CENP-A, CENP-B and CENP-C (83) . The importance of nonrepressive chromatin state at the centromere was also demonstrated by a recent work that showed that depletion of H3K4me2 at a HAC centromere rapidly induced loss of RNAPII transcription at the underlying DNA, and loss of CENP-A loading due to failure in HJURP (CENP-A chaperone) recruitment (80) . On the other hand, a completely open chromatin configuration permissive for high level of active transcription was incompatible with centromere function as well (83) , indicating that centromere chromatin state must be carefully modulated to maintain centromere identity.
Other than the maintenance of histone modifications at the centromere core domain, the level of transcriptional activity also appears to be important to centromere function. In a recent study, the artificial seeding of H3-acetylated chromatin at a HAC kinetochore caused no deleterious effects. However, when the same hyperacetylated modification was coupled with elevated transcription rates, the HAC kinetochore was rapidly inactivated due to defective CENP-A chromatin assembly (84) . This, in combination with the data of neocentromeres forming at lowly expressed regions (59, 64) , suggest that only low levels Figure 2 . (A) Centromere RNA has been shown to associate with CENP-C and stabilize its DNA-binding ability. The localization of CENP-C has been shown to be dependent on the presence of ssRNA at the mitotic kinetochore (71) . Centromere RNA has also been shown to associate with CPC proteins, Survivin, INCENP and to mediate the kinase activity of another CPC proteins, AUKB (70) . This suggests that centromere RNA could act as a molecular scaffold at the mitotic kinetochore to recruit and organize kinetochore proteins at the centromere. (B) The act of transcription could also have an important function. The histone chaperone and chromatin remodeller, FACT complex and CHD1, has been shown to be important for CENP-A loading (90) . The nucleosome destabilization activity of FACT could function to promote RNAPII transcription through the compact CENP-A chromatin, while RNAPII transcription could drive further chromatin remodelling at the centromere domain. In particular transcription could promote histone acetylation. A peak of histone acetylation has been reported to occur during mitosis (92) . RNAPII transcription could recruit HAT complexes at the mitotic kinetochore to generate an acetylated chromatin environment, which has been shown to be favourable for CENP-A loading.
of transcriptional activity is compatible with centromere function. High level of transcription has been associated with nucleosome eviction (85, 86) , and this rapid turnover could cause untimely erasure of histone modifications and loss of centromeric histone CENP-A at the centromere core domain. This need for low transcriptional activity is reflected by the lack of euchromatic marks such as H3K4-trimethylation and histone hyperacetylation at the centromere core chromatin (80, 81) . Thus, meticulous regulation of the level of transcriptional activity within the centromere core is likely to be vital for centromere chromatin maintenance.
RNAPII transcription requires the action of chromatin modifiers and histone chaperons, which allow the RNAPII access to the DNA template and to reassemble chromatin in the wake of the receding polymerase (87) . At the centromere core, the low-level transcriptional activity could be important to recruit the remodelling complexes required to modify centromere chromatin. Specifically, RNAPII transcription at the centromere could facilitate CENP-A loading. Interestingly, Facilitates Chromatin Transcription (FACT) complex, a factor required for RNAPII transcription through chromatinized DNA templates, (88) co-purified with CENP-A nucleosomes (89) and has been shown to be required for the incorporation of CENP-A in both chicken and human cells (90) . Like RNAPII, FACT subunit was also been found to be present at the core centromere during mitosis (66, 90) . During mitosis, the nucleosome destabilization activity of FACT may function to promote RNAPII transcriptional activity through condensed CENP-A chromatin domain such as the centromere core. Additionally, the RNAPII transcriptional activity could help to maintain the CENP-A domain in an 'open' chromatin state. Indeed, although the endogenous centromere chromatin is predominantly maintained in a hypoacetylated state (91) , an 'open' chromatin state enriched with acetylated H3K9 has been shown to be favourable for CENP-A loading (91, 92) . Interestingly, a histone acetyltransferase (HAT) complex has been detected at active mitotic kinetochores (93) , while more recently, a transient peak of centromeric H3K9 acetylation has been detected during mitosis (92), prior to CENP-A loading in telophase and early G1 (94) . The RNAPII transcription and associated chromatin remodelling activities could have an important role in promoting histone acetylation to generate a chromatin environment favourable for CENP-A loading; however, this hypothesis awaits confirmation ( Figure 2B ).
Centromere RNA and CENP-C in the regulation of centromere core chromatin
In addition to what is already known about the interaction of CENP-C and centromere RNA, there is new evidence that indicate that CENP-C also interacts with other chromatin modifying proteins to regulate centromere core chromatin ( Figure 3) . CENP-C has been shown to recruit DNA Methyltransferase 3A-B (DNMT3A-B) to direct DNA methylation at the centromere. CENP-C depletion led to loss of DNA methyltransferase 3B (DNMT3B) recruitment and DNA methylation, accompanied by loss of H3K4me2, H3K9me3 and HP1 binding, and increased centromere transcription (95) . Interestingly, independent studies have shown CENP-C interacts with Mis18 complex proteins, Mis18a and M18BP1 (96, 97) , which control the histone acetylation profile at the centromere core domain (91) . Mis18a, through its interaction with DNMT3A-B could control DNA methylation and the histone modification profile at centromere core chromatin (96) , whereas CENP-C interaction with M18BP1 was important to promote the recruitment of HJURP for CENP-A loading (97) .
Considering the role of RNA in stabilization of CENP-C at the mitotic kinetochore (66, 71) , centromere RNA could also stabilize the localization of CENP-C/ Figure 3 . RNAPII localizes to the metaphase kinetochore during mitosis. Transcription of the underlying DNA generates non-coding transcripts that stabilizes the binding of CENP-C at the mitotic kinetochore. The centromere RNA/CENP-C complex recruits DNMT3B complex at the metaphase, where it persists until telophase. The centromeric enrichment of DNMT3 complex presumably leads to methylation of centromeric DNA. As cells undergo transition into telophase, the Mis18 complex (M18BP1, Mis18a and Mis18b) is recruited to the centromere. M18BP1 is recruited by CENP-C (97), while it has been shown that Mis18a-DNMT3B directly interact (96) . The CENP-C/DNMT3/Mis18 complex may facilitate the recruitment of other histone modifiers to further remodel the centromeric chromatin. As cells enter G1, the continued presence of Mis18 complex at the centromere recruits the CENP-A chaperone HJURP, which facilitates CENP-A loading to ensure centromere chromatin inheritance.
DNMT3A-B/Mis18 complex at the kinetochore. Although we have cannot rule out that RNAPII transcription at the centromere occurs during other parts of the cell cycle, RNAPII localization at the mitotic kinetochore is most apparent from metaphase through to anaphase. Similarly, DNMT3A/B recruitment is most prominent from metaphase through to telophase (95) , whereas the Mis18 complex first localizes to the mitotic kinetochore during late anaphase (91) . The stabilization of the CENP-C/DNMT3A-B/Mis18 complex by centromere RNA could facilitate targeting of HJURP (through M18BP1) to initiate CENP-A loading (Figure 2) . Thus, we propose that centromere RNA is required as a vital component of the stepwise remodelling of centromere chromatin required for centromere chromatin inheritance (Figure 3) .
Transcription or RNA?
Despite the heterogeneity of the resultant transcripts, transcription of the pericentric heterochromatin and centromere core domains function to direct distinct, vital chromatin modifying events for the definition of centromere chromatin identity. Pericentric heterochromatin ncRNA, be it siRNAs in S. pombe, or long ssRNA in mammalian cells, are inextricably linked to HP1 dynamics, whereas centromere core-derived transcripts is tightly linked to CENP-A chromatin and mitotic kinetochore assembly. It is not impossible to imagine a scenario in which both transcription and the ncRNA function synergistically-transcription through the centromere core domain could drive chromatin remodelling with its accessory TFs, whereas the RNA functions to stabilize important centromere proteins and chromatin modifiers to ensure centromere chromatin inheritance (Figure 3 ).
